Harnessing vacuum forces for quantum sensing of graphene motion 
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The existence of vacuum forces jj] [2] is one 
of the most striking consequences of quantum 
mechanics. We show how the strong potentials 
induced by vacuum fluctuations can be exploited 
in a practical scheme for quantum sensing. 
Position measurements at the quantum level 
are of central importance for many applications 
but very challenging. Typically, methods based 
on optical forces are used [3j, but these are 
generally weak and difficult to apply to many 
materials. An important example is graphene, 
which is an excellent mechanical resonator due 
to its low mass and whose unique properties 
render it an outstanding platform for nanotech- 
nologies ^-^6j. We describe a protocol wherein 
quantum vacuum potentials yield a strong dis- 
persive interaction between the displacement of a 
graphene nanomechanical resonator and a nearby 
quantum optical emitter. This interaction yields 
a large position-dependent shift in the transition 
frequency of the emitter, which can be read out 
via an optical field. Under realistic conditions, 
we show that this mechanism enables strong 
quantum squeezing of the graphene position on 
time scales short compared to the mechanical 
period. 

Quantum vacuum forces cause attraction between 
two uncharged objects due to the modification of the 
zero-point energy in the space between them ^ |2]. 
They become extremely strong at very short distances, 
which is considered to be a major problem: Casimir 
forces prevent the trapping of particles close to surfaces 
and lead to "stiction", which complicates considerably 
the fabrication and handling of nano devices. Therefore, 
they are commonly believed to be "one of the most im- 
portant reliability problems in micro-electromechanical 
systems" [7 . 

However, one can also envision that the strength of 
vacuum forces enables them to be exploited for applica- 
tions. A spectacular but extremely challenging example 
is the attempt to engineer repulsive Casimir forces for 
frictionless devices and quantum levitation [2] [8]. Here, 
we present an application possible with current experi- 
mental capabilities and without the need to create repul- 
sion. Specifically, our scheme harnesses Casimir poten- 
tials for fast and precise position measurements of a me- 
chanical object [3^,'9'-Tr, which is needed for a plethora of 
applications, including the measurement of small forces. 
This is a radically new concept, which is not only very 
interesting from a fundamental point of view but also 
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FIG. 1: Motion sensing via quantum vacuum potentials: a) A 
stationary quantum emitter with internal states |e) and \g) is 
located in the vicinity of a suspended graphene sheet and illu- 
minated by a laser field. Vacuum fluctuations (as illustrated 
by the loops) affect the transition frequency of the emitter, 
while the scattered light fleld is measured by means of homo- 
dyne detection, b) The graphene membrane and the quantum 
system interact via the vacuum potential: the energy levels 
of the emitter are shifted depending on its distance d to the 
membrane. The distance-dependent level shift translates into 
a phase shift of the light and can be read-out by measuring 
the p-quadrature of the scattered fleld. 



practically advantageous, since the strength of the em- 
ployed mechanism allows for an enhanced sensitivity and 
drastically increased speed of the measurement. The use 
of quantum vacuum potentials therefore enables one to 
access new regimes that are not possible with traditional 
methods. 

As an example, we show that our technique allows for 
nearly "instantaneous" position measurements, which is 
very diflflcult to achieve with other experimental schemes. 
Specifically, our protocol facilitates the monitoring of 
the motion of the membrane at the quantum level in 
real-time, ie., on a time scale which is short compared 
to the mechanical oscillation period. This possibility 



paves the way for studying the mechanical response 
at fast time scales and for quantum squeezing of the 
position uncertainty of the mechanical system. 



A specifically interesting material in this context is 
graphene due to its small mass and high Q-factor [6]. 
However, to date no technique for position measurements 
on the quantum level is available for graphene. Due to 
its weak and broadband absorption of 2.3% [12,, meth- 
ods based on optical forces [3] are not suitable. Typically, 
capacitive techniques are used [H |l3l [14] , which measure 
the position averaged over many cycles of the mechanical 
motion. 

We exploit the strong Casimir interaction between a 
dipolar emitter and graphene and consider a suspended 
moving membrane which is coupled via the Casimir po- 
tential to a two level system with fixed position as shown 
in Fig. [la (also compare with Ref. [15] )• The paradig- 
matic example of the Casimir effect is the (typically at- 
tractive) force between two surfaces, due to the modifi- 
cation of the electromagnetic vacuum energy density in 
the intervening space. A similar mechanism governs the 
interaction between a surface and a single quantum emit- 
ter: quantum vacuum fluctuations lead to a modification 
of the energy of each electronic state, which depends on 
the presence of nearby surfaces. A moving atom would 
therefore experience a force associated with the derivative 
of these shifts [16l[T3^. A stationary emitter on the other 
hand experiences a measurable change in its resonance 
frequency that depends on the distance to the surface. 
Mechanical displacements can subsequently be read out 
by detecting the changing phase shift of a coherent field 
scattered from the emitter, as illustrated in Fig. [TJd. 

The Casimir potential for an emitter in its electronic 
ground state at position r can be calculated [161 [IZ] by 
considering the interaction of the emitter with the vac- 
uum modes of the electromagnetic field via the dipole 
Hamiltonian H^,^ = -d • E(r) = -T.k9k{r){\e){g\ + 

\g){e\){ak + <^1), where d is the dipole moment of the 
emitter and E(r) is the electromagnetic field at posi- 
tion r with normal modes k. We consider here a two- 
level system with ground and excited state \g) and |e). 
gk denotes the vacuum Rabi coupling strength between 
the emitter and normal mode k with creation opera- 
tor aj. and frequency uj^. This Hamiltonian contains 
terms which enable an atom in its ground state to cou- 
ple virtually to the excited state and create a photon 
1^,0) -^ |e, 1/c), which can be scattered from the sur- 
face before it is reabsorbed. The corresponding frequency 
shift of the ground state due to these quantum fiuctua- 
tions is given by Sujg{T) = -^i, gk{r)'^ /{uJo^uJk), where 
(jQ is the resonance frequency in free space. The shift can 
be re-expressed in terms of the classical (dyadic) electro- 
magnetic Green's function G(r, r, iu) [18 evaluated at 
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FIG. 2: Optical properties of graphene and resulting fre- 
quency shifts on a nearby quantum emitter: a) Conductivity 
a of doped graphene versus Fermi energy /x in units of /kJo, 
where cjq is the resonance frequency of the emitter. The real 
part of the conductivity (dashed line) describes absorption. 
For ^^ < 0.5, light radiated by the emitter is absorbed since 
photons with frequency fmj >2ii can induce inter band tran- 
sitions. For ii/hujQ > 0.6, Im(cr) > 0, which implies that the 
emitter can couple to surface plasmons. This type of process 
is undesired since it increases the non-radiative decay rate 
of the emitter; b) The effects of the Casimir-induced level 
shift Acj and modified spontaneous emission rate F versus 
distance d can be seen in the total photon scattering rate of 
an emitter. Here we take a free-space emission rate and wave- 
length Fo = 27r X 160 MHz and Ao = 2 • 10~^m. The left and 
right panels correspond to /i = and /i = 0.6/kJo, respec- 
tively. For a fixed distance, the scattering rate in the limit 
of weak excitation power exhibits a Lorentzian frequency re- 
sponse f{uj,d) oc (^_/^^(d))2A_(Y/2)2 J which here is normalized 
by the maximal value /max(cj,c/). The total linewidth F and 
center frequency Auj{d) (relative to d ^ oo) change versus 
distance d due to the modified spontaneous emission rate and 
Casimir shifts, respectively, c) Optomechanical coupling coef- 



ficient ^ = ^ in 



versus the distance d in nm for the Fermi 



energy /i = 0.6/k(;o that yields the optimal effective coupling 
K for the parameters considered in Fig. [3] 
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where c is the speed of light and Fq is the emission rate 
of the emitter in free space. Similar calculations allow 
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one to determine the excited-state shift 6uJe and modified 
emission rate r(r) near the surface [W. 

At distances d that are much closer than the 
free-space resonant wavelength Aq, the shift in the 
transition frequency of the emitter typically scales like 
Auj = SuJe — ^^g ^ ^o/{dko)^ for a bulk conductor and 
like Auj oc rQa/{dko)^ for graphene, where a is the 
fine structure constant and ko = 27r/Ao. This divergent 
nature implies that the properties of the emitter change 
very strongly at short distances, which is the basis of 
our extremely sensitive detection scheme. 

Fig. [2^ depicts the AC-conductivity of graphene |T2] , 
which characterizes the optical properties of the material 
and the corresponding Casimir potential induced level 
shifts. The exact values of the level shifts depend on 
the Fermi energy /i, which can be tuned by varying the 
level of doping. This can be done either electrically by 
applying a gate voltage or chemically by introducing im- 
purities. The frequency shift Au is shown in Fig. ^p in 
the absence of doping /i = 0, and for the Fermi energy 
/i = O.Ghuo that is found to yield the optimal read-out 
sensitivity for the considered parameters, as will be ex- 
plained below. 

We describe the suspended membrane as a quantum 
mechanical harmonic oscillator with position xm^ mo- 
mentum pm, and commutation relation [xm^Pm] = ^^• 
For small displacements xm^ the Hamiltonian which de- 
scribes the position-dependent frequency of the emitter 
can be expanded up to first order in xm, ^emitter = 

nLOeg{xM)(Tz = h (c^e,(Q) + """^J^^^ ^m) CJ , + O(xi^), 

such that 



FIG. 3: Casimir-sensitivity and creation of position squeezing 

starting from a thermal state: a) Inverse coupling strength H^, 

^-1 -^ v^ versus the distance d and the Fermi energy fi 

in units of /kJo, where cjq is the resonance frequency of the 

emitter in free space. In the region within the dashed line, the 

sensitivity is better than the standard quantum limit Sxx = 

for a quality factor Q = 1; b,c) Vx{t)^ the conditional g^ given by g 
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where a^ = |e)(e| — \g){g\. ^e^(O) is the level splitting at 
the distance that is associated with the equilibrium po- 
sition xm = 0. The optomechanical coupling coefficient 



dXA 



, describes the rate of change of 



variance of the position in the rotating frame and in units of 
the zero point fluctuations of the oscillator x|pm versus time 
in lis. b) shows the rapid generation of a squeezed state (see 
inset) at room temperature T = SOOiC, during a short time 
window for pure momentum damping at Q = 10^. Panel 
c) depicts Vx{t) during several oscillation periods for T = 
IK and Q — 10^. The red and black lines correspond to 
symmetric damping '^x — ^p — 7/2 and momentum damping 
7a; = 0,7p = 7 respectively. The results in this figure have 
been calculated for a graphene sheet with resonance frequency 
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ujm = 27r X 240 kHz, mass m = 5.6 • 10~ kg, Fermi level 
11 — 0.6/kJo and an emitter at a distance d — lOnm with 
free space emission rate Fq = 27r x 160 MHz and wavelength 



Ao = 2 • 10 m. z^det = 0.5 and e = 



n^ 



— 0.2, where Q. 



A2+r2 
is the Rabi frequency of the applied laser field and A is the 

detuning. 



the emitter freuqency per unit displacement and is shown 
in Fig. [2J3. As a concrete example, we consider here an 
emitter with Fq = 27r x 160 MHz and Aq = 2 • IQ-^m 
placed at a distance d = lOnm from a graphene sheet 
with with resonance frequency ujm = 27r x 240 kHz, mass 
m = 5.6 • 10~^^kg and Fermi energy /i = O.QhwQ. In 
this case, o = 27r x 0.81 • 10^^^^ and the resonance 
frequency of the emitter shifts by 27r x 0.27 GHz, if the 
graphene sheet is displaced by one unit of zero point mo- 
tion XzpM = a/ _^ = 3.4- 10~^^m. This coupling coeffi- 

cient compares very favorably to the best demonstrated 
couplings in cavity opto-mechanics experiments [20 and 
provides the basis for our very sensitive detection scheme. 
We discuss this sensitivity in the following by consid- 
ering a read-out of the level shift by means of a coherent 
light field in the weak driving limit (when population 
of the atomic excited state is negligible). This limit is 
characterized by e = -^2^^ — - <C 1, where Q is the Rabi 

V+A2 



frequency of the applied laser field and A is the laser de- 
tuning at xm = 0. Physically, working in the limit of 
e <C 1 enables the mechanical interaction with the two- 
level system to be linearized and ensures that the optical 
scattering from the emitter is predominantly coherent. 

The applied light field interacts with the emitter via 
the dipole Hamiltonian H = — d • E and carries infor- 
mation about the atomic coherence after the interac- 
tion. In particular, the input and output (scattered) 
fields are related to the atomic coherence via the rela- 
tion aj^^ = — ^L + ViyT |^)(e|, where u characterizes 
the detection efficiency. This way, phase fluctuations 
in the atomic coherence are mapped to phase fluctua- 
tions of the scattered light field. In the weak driving 
limit, the emitter can be adiabatically eliminated. This 
yields an effective emitter-mediated interaction between 
the membrane and the light field. The latter is described 
in terms of its quadratures xl = {cll + ^l)I^J^ ^^^ 
PL = —i{ciL — <^I)/>/2 such that the membrane evolves 
under the Hamiltonian 
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where p'^ = -^^l + ^Pl with a = ^y{A^ + ^) and 

P = 1]A/(A^ + x)^- "^^^ effective coupling constant k 
is a cent ral qu antity of the sensing scheme. It is given by 
K, = g^/eu/T^ where g = ^(l — |e) is a renormalized 
coupling coefficient. 

In the case of ideal detection efficiency, the rate at 
which information about xm (in vacuum units x^rm) can 
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be collected is given by i^f^^^^ — ^^ p^^^ . Since we are 
interested in measuring the mechanical motion on time 
scales which are short compared to co'j^^, the dimension- 
less quantity ^^^eai^lpM ^ e(^^zpM)' represents an im- 
portant reference value for assessing the potential of the 
scheme to measure motion at the quantum level for any 
combination of emitter and membrane parameters. 

The basic working principle of the scheme can be un- 
derstood by considering the dynamics in the absence of 
undesired processes (which will be addressed below) dur- 
ing a short time window At <C cjj^ . In this case, J^ml 
leads to a simple mapping of the mechanical position xm 
onto the light field 



loss mechanisms that are associated with the light-atom 
interaction and the imperfect detection of the light field. 
We consider two different types of damping: a symmetric 
damping model, where position and momentum are 
damped with equal rates 7^ = 7p = 7/2, and for pure 
momentum damping 7^ = 0, 7p = 7. In the latter case, 
almost noise-free position measurements can be made 
in the short time limit, i.e., if the chosen measurement 
time At is short on the time scale of the mechanical 
rotation in phase space, since position damping requires 
a time span on the order of uj'^ to affect the mechanical 
position. 

In the following, we evaluate the performance of 
the sensing scheme for the specific example of 
a suspended graphene sheet. For the parame- 

ter set introduced above and e = 0.2 we obtain 
K~^ = 1.4 • 10"^^-^. The sensitivity of the Casimir 

sensing technique k~^ is below the standard quantum 
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limit /Srr = 



hQ ^ 



VQ • 2.8 • 10- 



where 



Q is the quality factor associated with the graphene 
membrane [21 . Fig. pa displays k~^ versus the distance 
d and the Fermi energy \i. It shows that the optimal 
read-out rate can be achieved for Fermi energies between 
/i = O.SficJo and /i = O.GficJo- This dependence on 
Fermi energies is due to the maximum possible detection 
efficiency v. In particular, v = r]det^^ contains one term 
T^det describing the efficiency at which photons scattered 
in free space can be collected, and is technical in nature. 
The other term, ^r^, describes the probability for a 
photon to be scattered to free space, as compared to 
being absorbed by the material. The dependence of the 
latter quantity on /i can be understood by considering 
the optical properties of graphene shown in Fig. |2^. For 
/i < O.SficJo, the graphene sheet is highly absorptive, as 
light can induce inter-band electronic transitions. For 
high Fermi levels (/i > O.QJiwo) on the other hand, a 
different "absorption" mechanism occurs, as graphene 
acts like a thin conducting film and supports highly 
localized guided surface plasmons. The emitter can 
efficiently couple to these guided modes, which are dark 
to free-space detection channels. In either case, the 



non-radiative emission rate F^ 



= F 



of an 



emitter close to a graphene sheet increases drastically 
for short distances [22-24 , resulting in little energy 
radiated in the form of photons. 



pT' 






HiX 



M5 



out 

Pm 






^L 5 



where the superscripts "in" and "out" denote operators 
before and after the interaction. If ^^ is measured using 
homodyne detection, xm can be inferred in an optimal 
fashion and a highly position squeezed state with vari- 
ance Vx{t) = ^^in^)-\^^2^ is generated. 

The dynamics considered here is more complicated due 
to the presence of the free Hamiltonian of the membrane 
^M = 2fePM+t^^^M^M5 mechanical damping and due to 



The ability to perform a strong read-out of the 
position Xm on time scales that are short compared 
to uj^ allows one create a squeezed state where the 
variance of the position of the graphene sheet is reduced 
below its value in the vacuum state Vx < ^|pm ^^ 
the expense of increasing the variance of the conjugate 
variable in compliance with the Heisenberg uncertainty 
principle Vx ■ Vp > h/4 (see Fig. Isb). The rotation in 
phase space would prevent the squeezing of xm or pm, 
if measurements over several oscillation periods were 



required, but since the high couphng strength k. ahows 
for a fast and precise read-out, the Casimir scheme yields 
significant squeezing even at room temperature (see 
inset in Fig. Isb). Moreover, the high sensitivity of the 
scheme renders the distinction between different types 
of damping possible. Symmetric and moment damping 
would become indistinguishable if averaged over sev- 
eral oscillation periods, but lead to different results if a 
high temporal resolution is available, as shown in Fig.jSJ^. 

In summary, we have shown that strong quantum 
vacuum interactions can be used as a valuable resource 
for the measurement of nanomechanical systems at 
the quantum level. We have specifically analyzed our 
protocol for the case of a graphene nanomechanical 
resonator, which is viewed as a promising platform for 
devices but currently lacks the means for fast readout. 
However, in principle, the presented method is quite 
general and can be applied to a wide class of materials. 



If the position of the mechanical object to the quantum 
emitter is known, our scheme allows for a precise study 
and measurement of Casimir forces [25H29] at a level of 
precision that has not been possible so far. The ability 
to measure Casimir forces accurately is an important 
step towards the vision of controlling and manipulating 
quantum vacuum potentials. 
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